Along with vaccines and checkpoint blockade, immune adjuvants may have an important role in tumor immunotherapy. Oligodeoxynucleotides containing unmethylated cytidyl guanosyl dinucleotide motifs (CpG ODN) are TLR9 ligands with attractive immunostimulatory properties, but intratumoral administration has been required to induce an effective anti-tumor immune response. Following on recent studies with radiation-targeted delivery of nanoparticles, we examined enhanced tumor-specific delivery of amphiphile-CpG, an albuminbinding analog of CpG ODN, following systemic administration 3 days after tumor irradiation. The combination of radiation and CpG displayed superior tumor control over either treatment alone. Intravital imaging of fluorescently labeled amphiphilic-CpG revealed increased accumulation in irradiated tumors along with decreased off-target accumulation in visceral organs. Within 48 h after amphiphile-CpG administration, immune activation could be detected by increased Granzyme B and Interferon gamma activity in the tumor as well as in circulating monocytes and activated CD8 + T cells. Using radiotherapy to enhance the targeting of CpG to tumors may help advance this once promising therapy to clinical relevance.
Introduction
While checkpoint blockade antibodies are responsible for much of the current excitement in immuno-oncology, on their own, these agents stimulate objective tumor regression in only a fraction of patients, and treatment can be accompanied by problematic toxicities. A challenge is to increase efficacy without similarly enhancing adverse effects. Studies combining checkpoint blockade with vaccines, adjuvants and conventional genotoxic agents such as radiation therapy are each under active investigation.
Small, oligodeoxynucleotides rich in unmethylated cytidyl guanosyl dinucleotides (CpG ODNs) have demonstrated promise as immune adjuvants in cancer immunotherapy in both preclinical and clinical studies. CpG ODNs serve as synthetic ligands that mimic bacterial infection and activate the pathogen-associated molecular pattern (PAMP) receptor Toll-like receptor 9 (TLR9) [1] [2] [3] . TLR9 is an endosome membrane-bound DNA sensor expressed primarily by B lymphocytes and plasmacytoid dendritic cells (pDCs) in humans, as well as by macrophages and myeloid dendritic cells (mDCs) in mice [1, 4] . Upon binding CpG-ODN, TLR9 activates a MYD88/IRF7/NF-κB dependent pathway [5, 6] , resulting in production of proinflammatory cytokines and Type I interferons. Prominent cytokines include interleukin-1 (IL-1), IL-6, IL-18, and tumor necrosis factor alpha (TNFα) and a T-helper cell 1-biased (interferon gamma (IFNγ), and IL-12) immune milieu [7] [8] [9] . Thereby, CpG promotes dendritic cell maturation and antigen presentation along with secondary activation of a natural killer (NK) and T lymphocytemediated anti-tumor immune response [7, 8, [10] [11] [12] [13] [14] . Depletion of CD8 + T cells and NK cells abrogates CpG ODN's therapeutic effect [15, 16] , reinforcing their roles as effectors of the immune response.
For CpG ODN to serve as an effective adjuvant and induce antitumor immunity, the activated innate immune cells must be able to present tumor antigens. Where CpG ODN can be dosed by intra-or peritumoral injection, immune-mediated tumor rejection can be observed [15, 17, 18] . Recently, we reported an amphiphilic form of CpG (amph-CpG) formed by conjugation of an albumin-binding diacyl lipid to the 5′ terminus of CpG ODN [19] . Amph-CpG displayed favorable lymph-node targeting properties when dosed by subcutaneous injection. Leveraging albumin's role as a carrier for fatty acids and other hydrophobic molecules in the body [20] , the 5′ diacyl lipid can bind endogenous serum albumin to facilitate amph-CpG transport and accumulation in draining lymph nodes. Compared to unconjugated CpG ODN, amph-CpG displayed 30-fold increased T cell priming, enhanced therapeutic efficacy, and reduced systemic toxicity [19] .
Although systemic administration of CpG ODN has shown efficacy in some studies [21] [22] [23] , untargeted immunostimulation may have limited impact on anti-tumor immunity while CpG ODN accumulation in the liver and kidney may induce problematic toxicities [24] . A common strategy to obtain preferential delivery to tumors is to take advantage of the Enhanced Permeability and Retention (EPR) effect [25, 26] , whereby circulating macromolecules and nanoparticles leak through endothelial gaps in the disordered tumor vasculature. Toward exploiting the EPR effect, systemic treatment with CpG ODN has been examined after liposomal encapsulation [27] , polymer trapping [28] , or conjugation to nanoparticles [29] but has yet to be translated to the clinic.
Conventional, external beam radiotherapy remains the most common treatment for cancer, though benefits have long remained modest at best. Much of the recent interest in radiotherapy has focused on two areas, high-dose, image-guided radiation delivery and strategies to enhance synergy between radiation and immunotherapy. Recently, we observed that a single dose of X-irradiation is sufficient to increase tumor microvascular permeability, leading to higher accumulation of systemically administered macromolecular agents and increased therapeutic effects over delivery by the EPR effect alone [30] . Going farther back, extravasation of serum albumin has long been noted to increase following irradiation [31, 32] . This raised the question whether delivery of albumin-tethered drugs might similarly be enhanced after tumor irradiation.
In this study, we used a mouse tumor model to examine whether the radiation-enhanced delivery effect might improve targeting of systemically administered, albumin-binding amph-CpG. Enhanced tumor accumulation after radiotherapy corresponded with significantly improved tumor control relative to amph-CpG treatment on its own. A benefit of enhanced tumor delivery appeared to be decreased accumulation off-target in the liver and kidneys. Combination treatment increased activated CD8 + T lymphocytes and monocyte/macrophages both in circulation and in tumors. This surge in immune activity is likely responsible for the improved tumor growth control and could potentially lead to the elimination of metastases or prevention of recurrence.
Materials and methods

Study design
Minimum sample size was calculated a priori using a power value of 0.80. Identification of outliers was performed using the ROUT method in Prism software. Data collection was discontinued when any dimension of a tumor exceeded 1 cm.
This research was undertaken to assess the effect of X-irradiation on delivery of systemically administered amph-CpG to transplanted tumors in mice. For tumor growth studies, treatment was initiated when tumors reached a volume of 25-50 mm 3 . Animals were then assigned to treatment groups so that the mean tumor volume for each group was approximately equal. The mice were then treated with X-irradiation, injected with amphiphile-CpG 3 days later, and examined by intravital imaging as detailed below. Cages contained mice from multiple treatment groups and researchers did not sort animals by treatment group when collecting data.
Amphiphile-CpG oligodeoxynucleotide
Solid phase DNA synthesis and 5′ amphiphile conjugations were carried out as previously described using an ABI 394 synthesizer [19] . The CpG ODN sequence used was murine oligodeoxynucleotide class B sequence 1826 with two guanine spacers:
5′ diacyl lipid-*G*G*T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T-3′ 3′-fluorophore-labeled oligonucleotides were synthesized on TAMRA or ROX long chain alkylamine controlled pore glass (lcaa CPG 500 Å, ChemGenes) and cleaved and deprotected in t-butylamine/water (1:3) for 6 h at 60°C. All oligonucleotides were purified using RP-HPLC and quantified using UV-Vis spectrometry as previously described [19] .
Syngeneic tumor model
Six-week-old female BALB/c mice were purchased from Harlan Laboratories (Madison, WI, USA). TUBO murine mammary carcinoma cells, derived from BALB-neuT transgenic mice [33] were cultured in RPMI 1640 growth medium supplemented with 1 U/mL penicillin and 1 μg/mL streptomycin, then resuspended in sterile 1 × DPBS at a concentration of 1 × 10 7 cells/mL for injection of 100 μL/mouse. 1 × 10 6 TUBO cells were injected subcutaneously into the hindlimb of mice to induce tumor growth and tumor volume was measured biweekly using calipers and calculated by the formula, V = l × w × (h/2). Amphiphile-CpG (100 μg per animal, from [19] ) was administered via retroorbital injection in a volume of 100 μL. Animal studies were performed under ACUP# 72354 approved by the University of Chicago Institutional Animal Care and Use Committee.
Irradiation
An X-RAD 225Cx small animal irradiator (Precision X-Ray Inc., N. Bradford, CT, USA) was used to plan and deliver X-ray irradiation in a two-step process involving computed tomography [34] imaging followed by image-guided delivery of a precise treatment dose. The X-ray source was used for both imaging (1.0 mm focal spot) and treatment (5.5 mm focal spot). The subject was immobilized using isoflurane anesthesia and secured on the irradiator stage using surgical tape. Treatment planning began using the X-RAD 225C software and involved two sequential CT images taken through a 2.0 mm Al filter including an initial scout image (40 kVp, 0.5 mA, 0.3 mm isotropic voxels), followed by a more detailed full scan (40 kVp, 2.5 mA, 0.1 mm isotropic voxels). DICOM files of the detailed CT scan were exported into a treatment planning application written in MATLAB (The MathWorks Inc., Natick, MA, USA) for selection of the treatment isocenter, planning of an irradiation protocol, and evaluation of the selected treatment fields. Irradiation protocols were designed with fields from two opposing directions, each delivering half the desired total dose. The software also calculated the 3D shift of the animal support stage required to position the chosen target at the radiation isocenter for treatment. Radiotherapy was performed following import of the treatment protocol into the XRAD 225C software, which automated delivery of the planned fields. Treatments were performed at 225 kVp, 13 mA and 0.3 mm Cu filter, with a 1.5 cm diameter lead collimator providing a dose rate of~2.5 Gy/min. The irradiator output was calibrated according to the American Association of Physicists in Medicine Task Group 61 protocol [35] using a Farmer type chamber. Doses ranging from 5 to 10 Gy were used in this study with total treatment time lasting up to 15 min, including set-up.
Fluorescence imaging
To examine fluorescence in tissues ex vivo, the Xenogen IVIS 200 (Caliper Life Sciences, Hopkinton, MA, USA) was used at 1 d, 2 d, and 14 d after amphiphilic-CpG injection to quantitatively measure fluorescent probe permeation and retention in differentially treated tumors.
Dissected tumors, as well as other tissues such as liver, spleen, heart, kidney, and lung, were imaged for amphiphile-CpG fluorescence. Intestinal CpG retention was not examined due to autofluorescence from ingested chow [36] . The radiant efficiency, a relative measure of photon emission from the tissue (photons/s/cm 2 /sr), was measured in a standardized region of interest (ROI) with variables such as exposure time, binning, and f/stop also standardized.
Flow cytometric analysis of leukocyte phenotype and activation
Peripheral whole blood samples were collected from the retro-orbital sinus with a capillary tube, centrifuged and the cell pellets frozen. Samples were thawed on ice in 1.0 mL of RPMI culture medium (Invitrogen, Carlsbad, CA, U.S.A.) for 10 min, centrifuged for 5 min at 500 × g, and vigorously resuspended in 2.0 mL of 1× red blood cell lysis buffer (Biolegend, San Diego, CA, U.S.A.). After 5 min at 24°C, 3.0 mL of DPBS was added, samples were centrifuged 5 min at 500 × g and resuspended in 2.0 mL DPBS. Cell density was determined using a handheld cell counting device (Scepter, Millipore, Darmstadt, Germany). Then, 0.5 × 10 6 cells were centrifuged and leukocyte pellets were resuspended in 100 μL of blocking buffer consisting of 1% BSA + 5% normal goat serum (Jackson ImmunoResearch, West Grove, PA, U.S.A.) + 10 μg/mL Fc receptor blocking reagent (TruStain FCx, Biolegend) in 1× DPBS. Leukocytes were blocked for 20 min on ice with moderate vortexing at 10 min. For leukocyte phenotyping, a cocktail of fluorophore-conjugated primary antibodies was added to samples, including anti-CD8 (clone 2.43, APC conjugate, 0.25 μg, Invitrogen), anti-CD19 (clone 6D5, PE conjugate, 0.25 μg, Biolegend), and anti-CD49b (clone DX5, Alexa Fluor 488 conjugate, 0.25 μg, Biolegend). Antibodies were added directly to cells in blocking buffer and samples were stained for 30 min at 4°C in the dark with slow rotation. Samples were washed once in 1.0 mL of ice-cold wash buffer consisting of 1% BSA in 1 × DPBS. A cellular viability/ROS stain (Calcein Violet 450 AM, eBioscience, San Diego, CA, U.S.A.) was then added to cells at 1 μM in 500 μL of 1% BSA-DPBS for 15 min on ice prior to flow cytometric data acquisition and analysis.
Flow cytometric data acquisition was carried out using a BD Fortessa instrument equipped with 4 lasers (405, 488, 561, and 640 nm) and appropriate fluorescent detectors. FACSDiva software was used to set up data acquisition parameters. Multispectral data for 50,000 viable cells were acquired per sample. Fluorophore spectral overlap was confirmed to be negligible using single-stained samples. Flow cytometric data analysis was performed using FlowJo software (TreeStar). Dead cells and doublets were excluded from analysis. Single cell events were identified by a conventional forward scatter gating approach (FSC-A vs FSC-H). Lymphocyte and monocyte subpopulations of leukocytes were established by scatter gating (FSC vs. SSC). Each population of cells was then evaluated for percentage of cells exhibiting positivity for each leukocyte marker (CD8 + cytotoxic T cells, CD19 + B cells, and CD49b + NK cells. For evaluation of leukocyte activation, the percentage of cells exhibiting a ROS-HI intensity signal provided by the Calcein Violet probe was determined using a standardized gating approach for each population of interest. Mean percentage of ROS-HI CD8 + T cells and monocytes for n = 3 mice per treatment group was determined, as well as the standard deviation across mice in each treatment group. These data were then used for statistical analysis as described below.
Immunohistochemistry
Tumors and spleens were dissected from mice immediately following sacrifice and were fixed in 10% formalin. 
treated by deparaffinization and serial rehydration. Antigen retrieval was performed with 10 mM sodium citrate buffer, pH 6.0 (or 10 mM Tris, 1 mM EDTA buffer, pH 9.0 for F4/80 staining) in a tissue steamer for 40 min at 96°C. Endogenous peroxidase activity was quenched with 1% H 2 O 2 in methanol for 20 min. Blocking was with 2.5% normal horse serum for 20 min at 4°C. Primary antibodies were then applied on tissue sections overnight at 4°C in a humidity chamber. Following PBS washes, antibody binding was detected with ImmPRESS HRP polymer anti-rabbit IgG and ImmPACT DAB peroxidase substrate (Vector Laboratories, Burlingame, CA, USA). Tissue sections were briefly immersed in hematoxylin for counterstaining, quickly dehydrated, mounted using Poly-Mount (Polysciences Inc., Warrington, PA, USA), and cover glassed.
Imaging was performed at the University of Chicago Integrated Light Microscopy Facility. Images were captured with a Zeiss Axioplan upright microscope with a Zeiss Axiocam color CCD camera (Carl Zeiss Microscopy, Thornwood, NY, USA) run by the QCapture suite (QImaging, Surry, BC, Canada). The brightness, contrast, color saturation, and color temperature of the representative images shown in Figs. 1, 2, and 4 were adjusted in Microsoft Powerpoint in order to normalize the background coloring and brightness.
Statistical analysis
Data are expressed as the mean ± SEM unless otherwise indicated. Statistical analyses were carried out using Prism (GraphPad Software, Inc., La Jolla, CA, USA). Prior to analyses, data to be tested were confirmed to be of a normal distribution and F-tests were performed to compare variances between groups. In most instances, the unpaired, two-tailed Student's t-test was used to determine significance between an experimental group and a control group with a value of p ≤ 0.05 considered significant. For comparisons across multiple groups, oneway ANOVA was used. To evaluate differences in effect size between groups, Cohen's delta (Δ) was calculated using mean data for n = 3 mice, with a value of Δ ≥ 0.5 considered moderate and Δ ≥ 0.8 considered a large effect size.
Results
Targeted radiotherapy directs amph-CpG to tumors and improves therapeutic efficacy
To track the delivery of amph-CpG to tumors following radiotherapy, we utilized an image-guided X-irradiator to deliver precise doses of ionizing radiation (IR) to transplanted TUBO mammary carcinoma tumors grown in BALB/c female mice by subcutaneous injection into the hindlimb. TUBO is a cell line derived from a spontaneous tumor formed in a BALB-NeuT transgenic mouse expressing MMTV-rat HER2/ Neu [33] . TUBO tumors in BALB/c mice have been used extensively as a model for anti-tumor immunity, including studies where CpG ODNs are provided along with rat HER2-directed vaccines [37, 38] . Here, we examined the distribution of amph-CpG [19] , a CpG ODN modified by a 3′ TAMRA (λ max ex/em 555/580) or ROX (λ max ex/em 575/602) fluorophore to track delivery and a 5′ diacyl lipid tail that mediates binding to serum albumin (Fig. 1A) . Thus, three days after radiotherapy, fluorescent amph-CpG was injected i.v. and distribution was tracked over time. As early as two days after injection, we observed enhanced tumor localization of amph-CpG in irradiated tumors (Fig. 1B,C) . Furthermore, in tumors irradiated with 10 Gy prior to injection of amphCpG, fluorescence was retained in tumors for 14 days. This increase in amph-CpG accumulation and retention following radiation-enhanced delivery corresponded to a significant tumor growth delay compared to either treatment on its own (Fig. 1D ). Animals treated with amph-CpG displayed no ill effects or weight loss (Supp. Fig. 1 ).
Augmented tumor delivery of amph-CpG coincides with reduced offtarget tissue accumulation
To examine off-target delivery of amph-CpG, tumors and visceral organs were examined ex vivo by IVIS fluorescence imaging 24 h after injection. Tumors were sliced into sections to compensate for the limited depth of imaging of the IVIS and the radiant efficiencies of those sections were averaged. Irrespective of irradiation, amph-CpG uptake by the spleen, lung and heart was less than that of tumors while accumulation in the liver and kidneys exceeded that of tumors ( Fig. 2A,B) . While irradiation augmented delivery to tumors, uptake into visceral organs was decreased.
Systemic treatment with CpG ODN can induce splenomegaly through increasing the formation of granulocyte-macrophage colony forming units and early erythroid progenitors in the spleen [39] . AmphCpG also induced splenomegaly 48 h after administration irrespective of tumor irradiation (Fig. 2C) . Nonetheless, accumulation of amph-CpG in the spleen at 48 h following injection was decreased after tumor irradiation (Fig. 2D ).
Activated circulating CD8 + T cells and monocytes induced by combination therapy
To assess the immunological impacts of treatment, peripheral blood was obtained 24 h following amph-CpG injection and the mononuclear cells were examined by flow cytometry. While total percentage of various immune cell populations examined were not significantly different from controls (Supp. Fig. 2 ) in mice treated with both amph-CpG and IR, both CD8 + cytotoxic T lymphocytes and monocytes displayed increased reactive oxygen species (ROS) consistent with activation (Fig. 3A,B) . Analysis of the percentage of cells exhibiting a ROS-HI intensity signal revealed a statistically significant increase in effect size induced by combined treatment with amph-CpG and IR as compared to controls (Fig. 3C,D) .
Macrophage recruitment and CD8 + T cell immune activity in the tumor after combination treatment
Immunohistochemistry (IHC) of TUBO tumors 48 h after amph-CpG treatment revealed an increase in F4/80 + resident macrophages following combination therapy (Fig. 4A ) similar to the observed increase in circulating monocytes one day earlier. Increased immunoreactivity for Granzyme B, an enzyme expressed by cytotoxic T lymphocytes and NK cells to mediate target cell death, was also observed in tumors after radiation-enhanced delivery of amph-CpG (Fig. 4B) . CpG activates NK cells, and to a lesser extent CD4 + Th1 and CD8 + T lymphocytes, to produce the cytokine IFNγ [7, 40] , stimulating B lymphocyte and macrophage activation [41, 42] . Radiation-enhanced amph-CpG delivery appeared to stimulate IFNγ production by immune cells in the tumor by 48 h after treatment (Fig. 4C ).
Discussion
Both CpG ODN and radiation have long been studied for their potential to promote an anti-tumor immune response. Radiation is thought to serve as an in situ vaccine via damaging tumor cells, leading to the release of neoantigens that may be taken up by immature DCs [43, 44] . Although irradiated cells may express damage associated molecular patterns, radiotherapy typically induces very limited antitumor immune responses on its own. Synergy between CpG ODN and ionizing radiation in promoting anti-tumor immune response is well described in preclinical models. Acting as an immune adjuvant, CpG ODN binding to TLR9 may drive DC maturation and antigen presentation, resulting in greater CD8 + T cell priming and activation [10] [11] [12] . While CpG ODN also appears well suited to potentiate the benefits of radiotherapy in patients, its use has been limited by the low efficacy and high adverse effects associated with systemic administration. Local therapy via intra-or peri-tumoral injection of CpG ODN increases the therapeutic index, both by enhancing colocalization of adjuvant and tumor antigens but also decreasing off-target toxicities. Indeed, intratumoral injection of CpG in combination with radiotherapy has yielded promising results in clinical trials [45, 46] , but may have limited applications. The studies reported here were designed to take advantage of a distinct mechanism of potential synergy with radiation, based on applying image-guided radiation to target delivery of CpG ODN to tumors. Building on prior work on radiation-induced vascular permeability [47, 48] , we recently observed that a single dose of radiation is sufficient to enhance the local extravasation and penetration of circulating macromolecules and nanoparticles, yielding enhanced therapeutic effects of a model nanomedicine [30] . Our prior work established a threshold dose of roughly 5 Gy and demonstrated that radiation's effects were delayed, with optimal delivery when agents were injected three days after irradiation. We also took advantage of the ability of CpG ODN conjugated to a diacyl lipid tail, amph-CpG, to bind serum albumin, thereby increasing circulation time along with providing a means to benefit from the radiation-enhanced permeability effect.
Consistent with the prior studies, we observed that 10 Gy irradiation was sufficient to enhance tumor delivery of amph-CpG injected i.v. three days later. Interestingly, we also observed decreased off-target accumulation in visceral organs, suggesting that the augmented tumor delivery may deplete circulating amph-CpG. The higher levels of intratumoral CpG were associated with increased inflammation with activated macrophages and cytotoxic T cells. A compound effect was observed, leading to greater tumor control than radiation or amph-CpG on their own.
Pre-clinical studies in primates as well as clinical trials conducted in humans revealed that CpG ODN is relatively well tolerated, even with up to weekly dosing for over one year [49] [50] [51] . Adverse events associated with CpG treatment that could be avoided with improved delivery via i.v. injection include erythema, pain, swelling, induration, and pruritus at the site of subcutaneous administration [2] . Furthermore, systemic immune activation, including specifically increases in activated CD8 + T cells [52] and activated circulating monocytes [53] , has been tied to effective outcomes from cancer immunotherapy. Though past clinical trials have failed due to a lack of antitumor efficacy, CpG ODN remains a promising candidate for combinations with other immunotherapies. For example, CpG increases the cytotoxic antitumor activity of monoclonal antibody (mAb) therapy in mice, even curing large tumors with repeated co-treatments [54, 55] . We anticipate that combining radiation targeting and systemic treatment with amphCpG may enable broader use and enable new combinations, such as with the emerging immune checkpoint blockade agents. 
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